Accurate self-awareness is essential for adapting one's behaviour to one's actual abilities, to avoid risky behaviour. Impaired self-awareness of deficits is common in neurodegenerative diseases. Numerous studies show an involvement of midline cortical areas in impaired self-awareness. Among the other brain regions implicated stand the medial temporal lobe (MTL) structures (i.e. hippocampus, amygdala, and temporopolar, entorhinal, perirhinal and posterior parahippocampal cortices). This review aims at evaluating the role of those structures in self-awareness in neurodegenerative diseases. To this aim, we briefly review impaired self-awareness in neurodegenerative diseases, give a neuroanatomical background on the MTL structures, and report those identified in neuroimaging studies on self-awareness. The MTL shows neuropathological, and structural or functional changes in patients who overestimate their abilities in the cognitive, socio-emotional or daily life activities domains. The structures implicated differ depending on the domain considered, suggesting a modalityspecific involvement. The functional significance of the findings is discussed in view of the neuroanatomical networks of the MTL and in the context of theoretical models of self-awareness.
Introduction
Awareness can be defined as "a reasonable or realistic perception or appraisal of one's situation, functioning or performance, or of the resulting implications, expressed explicitly or implicitly" (Clare et al., 2011) . Accurate self-awareness is essential for optimal daily life activities, as it allows adapting individual behaviour to different situations according to one's actual abilities. Accurate self-awareness thus prevents from risky or withdrawal behaviour.
Impaired self-awareness may have significant adverse effects. For instance, overestimation of one's driving or postural abilities increases the risk of driving or fall accident (Morone et al., 2014; Horrey et al., 2015) , and overestimation of one's cognitive abilities may negatively impact numerous daily life activities such as managing finances or shopping (Hoofien et al., 2004) ; likewise, inaccurate estimation of one's social skills may affect social communication. Conversely, underestimation of these same abilities may lead to a loss of autonomy and social isolation. However, overestimation is more common than underestimation of one's abilities (e.g. Michon et al., 1994; Okonkwo et al., 2008) . Unawareness of deficits can be detrimental to the rehabilitation of brain damage. It also affects the patient's family and friends' quality of life, namely by increasing the caregivers' burden (Rymer et al., 2002) .
Although impaired self-awareness should thus be considered as a symptom of great importance, it is often neglected, mainly because of the lack of knowledge of its pathophysiology, treatment and prevention.
Impaired self-awareness has been reported in a number of neurological and neuropsychiatric disorders (e.g. stroke, neurodegenerative diseases, traumatic brain injury, schizophrenia), and in various domains (e.g. sensori-motor, cognitive, socio-emotional, and daily life activities). This clearly demonstrates that there is no "awareness centre" in the brain, but rather suggests that self-awareness implies several areas likely organized in specific networks.
Attempts to unravel the brain networks involved in impaired selfawareness have been the focus of a number of studies. The medial prefrontal cortex is the most constantly identified region within this network. Other cortical and sub-cortical areas have been implicated. However, their role in self-awareness remains obscure (see Northoff et al., 2006 for meta-analysis) . Among them, the medial temporal lobe (MTL) structures stand out, namely the hippocampus, amygdala, and surrounding cortices, i.e. the temporopolar, entorhinal, perirhinal and posterior parahippocampal cortices.
This review aims at providing an in depth analysis of the putative role of MTL in impaired self-awareness in neurodegenerative diseases, http://dx.doi.org/10. 1016/j.neubiorev.2017.04.015 because this symptom is common in these conditions that are often associated with MTL damage albeit to varying degrees. Moreover, involvement of MTL in impaired self-awareness has never been explored specifically. Thus, we will focus on five of such neurodegenerative diseases: Alzheimer's disease (AD), frontotemporal dementia (FTD), Parkinson's disease (PD), Huntington's disease (HD), and amyotrophic lateral sclerosis (ALS). Mild cognitive impairment (MCI) has also been included in the review because many symptoms are shared and quite a few individuals will convert to AD.
Impaired self-awareness in neurodegenerative diseases

Methodological assessment procedures
The most frequently used method of assessing self-awareness is to compare the participant's judgments about its own abilities and behaviour with parallel ratings made by an informant (e.g. spouse and caregiver). Several validated questionnaires and standardized procedures have been developed (eg, Wilson et al., 1989; Clare et al., 2002; Starkstein et al., 2006; Bramham et al., 2009 ). This method, however, lacks direct measurement of performance, and a range of psychological and social factors influence ratings (Clare et al., 2011) . Among the other methods employed in the assessment of self-awareness, the most appropriate is probably the comparison between subjective and objective data, i.e. performance ratings made by the participant vs. actual tests scores. This method provides a more useful indicator of awareness than the participant-informant discrepancy score (Dalla Barba et al., 1995) .
Clinical data
Patients with neurodegenerative diseases tend to overestimate their functional abilities in various domains (e.g. cognition, behaviour, socioemotion, daily life activities) (Eslinger et al., 2005; Roberts et al., 2009; Sitek et al., 2014 and Starkstein, 2014 for reviews). However, severity and domains of unawareness may vary according to the type of neurodegenerative disease considered, the severity of the disease or along the course of a given disease. Within a given neurodegenerative disease, discrepant results have often been reported, mainly because of differences in the sample characteristics, assessment methods, concept of unawareness, and aim of the studies.
Self-awareness in individuals with mild cognitive impairment
A recent meta-analysis found no difference in awareness between MCI and healthy subjects but highlighted that assessment technique and cognitive status influence the level of awareness (Piras et al., 2016) . Vogel et al. (2014) reported that about 60% of individuals with amnestic MCI exhibit symptoms of cognitive unawareness, 12% of which show severe loss of awareness. Only 36%, mainly of the amnestic type, overestimate their abilities in daily life activities, and this was found only for relatively complex functional activities (i.e. financial management or driving abilities, Okonkwo et al., 2009) . Some studies, but not all, indicate that overestimation of abilities might be a predictor of conversion from MCI to dementia (see Roberts et al., 2009 and Jacus et al., 2014 for reviews) . Some individuals with MCI underestimate their cognitive performance and abilities in daily life activities (Kalbe et al., 2005; Okonkwo et al., 2008; Roberts et al., 2009) . Depression, that is common in individuals with MCI, could partly account for this underestimation (Okonkwo et al., 2008; Roberts et al., 2009 ).
Self-awareness in Alzheimer's disease
Impaired self-awareness, here characterized only by overestimation of abilities, can be observed since the early stages of the disease (Amanzio et al., 2011) , although the degree of impaired self-awareness varies greatly from one patient to another, even at a similar stage of the disease. Overestimation of cognitive performance in patients with AD has been observed in most studies (e.g. Vogel et al., 2004; Kalbe et al., 2005; Salmon et al., 2006; Shany-Ur et al., 2014; Morris et al., 2016) . Greater awareness of cognitive impairment has been related to better episodic memory and higher level of education (Salmon et al., 2006) . Patients in the early stages of AD also overestimate their empathy, social skills and social behaviour. The following findings are more controversial: overestimation of abilities in daily life activities (e.g. Shany-Ur et al., 2014) , association between impaired self-awareness and executive dysfunction, symptoms of depression, apathy and disinhibition (Michon et al., 1994; Salmon et al., 2006; Amanzio et al., 2011) , and worsening of unawareness with disease progression (e.g. Michon et al., 1994; Clare et al., 2013) . In most domains, patients with AD are less aware of their deficits than individuals with MCI (e.g. Zamboni et al., 2013 ). However, a comparable level of memory awareness was sometimes reported, especially in individuals with amnestic MCI and patients with mild AD (Vogel et al., 2004 ; also see Roberts et al., 2009 , Jacus et al., 2014 , and Starkstein, 2014 for reviews).
Self-awareness in frontotemporal dementia
Impaired self-awareness is a prominent feature of FTD that has been found in over three quarters of the patients (Piguet et al., 2009 ). Impaired self-awareness varies, however, considerably across FTD subtypes and domain of awareness. Patients with the behavioural variant (bvFTD) show the most severe loss of self-awareness. Although overestimation of competence in the socio-emotional domain seems to be the most prominent feature, patients with bvFTD also often exhibit early and severe overestimation of cognitive abilities (Eslinger et al., 2005; Hornberger et al., 2014; Shany-Ur et al., 2014) . Patients with progressive non-fluent aphasia are the least affected. However, they can show unawareness of apathy (Eslinger et al., 2005) and overestimation of emotional and interpersonal functioning . Patients with semantic dementia have a relatively accurate awareness of their language and cognitive impairment, as well as level of functioning in daily life activities (Eslinger et al., 2005; Shany-Ur et al., 2014) . However, they show sometimes a light unawareness of their sociobehavioural changes (Eslinger et al., 2005) , especially in those with predominant right-sided atrophy (Hodges and Patterson, 2007) . Patients with bvFTD appear less aware of their deficiencies than patients with AD (Eslinger et al., 2005; Hornberger et al., 2014) . Minimal discrepancies were however reported between patients with language subtypes of FTD and patients with AD (Hornberger et al., 2014) . Lower self-awareness was found in patients with AD or language subtypes of FTD depending of the domain considered (e.g. lower cognitive selfawareness in AD and lower self-awareness in the socio-emotion domain in FTD) (Eslinger et al., 2005) .
Self-awareness in Parkinson's disease
Between 23.3% and 92% of the patients are unaware of levodopainduced dyskinesias (Vitale et al., 2001; Amanzio et al., 2010; Pietracupa et al., 2013) . Awareness of bradykinesia is better preserved (Amanzio et al., 2010) . Discrepancy between patient and informant's rating of dyskinesias could however result from their respective perception of dyskinesias (less a handicap than bradykinesia for the patient vs. extremely unpleasant for the patient's relatives), as suggested in patients with PD with mild dyskinesias (Vitale et al., 2001) . Unawareness of movement disorders is greater in "on" than in "off" state and in patients with low executive function (Amanzio et al., 2010) . However, it may also occur in PD patients with normal cognition (Pietracupa et al., 2013) . Overestimation of competence in daily life activities has also been reported in non-demented patients with PD (Leritz et al., 2004) . The few studies in the cognitive field indicate accurate self-awareness of general cognition and memory performance (Flashman, 2002; Kudlicka et al., 2013) . In case of executive dysfunction, patients with PD can, however, overestimate their executive performance (Kudlicka et al., 2013) . Compared to patients with AD, impaired self-awareness in patients with PD is less severe and more strongly related to poor cognitive function (Flashman, 2002) .
Self-awareness in Huntington's disease
Patients with HD often underestimate their involuntary movements (Flashman, 2002; Sitek et al., 2014 for review). They may also underestimate apathy, impulsivity, cognitive deficits, executive-type behavioural dysfunction, and degree of functional impairment. Cognitive impairment, in particular executive dysfunction, may be an important contributory factor of this unawareness. Nonetheless, patients with HD usually show accurate awareness of their depression and irritability. Impaired awareness of dyskinesias is related to disease duration and severity (Vitale et al., 2001) , and is more frequent (Vitale et al., 2001) and more severe in patients with HD than in those with PD (see Sitek et al., 2014 for review).
2.2.6. Self-awareness in amyotrophic lateral sclerosis Although self-awareness has rarely been investigated in ALS, a few studies reported unawareness of behavioural changes (Woolley et al., 2010) as well as unawareness of motor and cognitive abilities (Ichikawa et al., 2013) in ALS patients with FTD. Reduced awareness of cognitive deficit was also found in non-demented ALS patients which was associated to a deficit in affective and/or cognitive theory of mind (van der Hulst et al., 2015) .
Medial temporal lobe and awareness in neurodegenerative diseases
Brain networks of self-awareness in neurodegenerative diseases were mainly investigated by assessing the brain correlates of selfawareness (using structural MRI or metabolic FDG-PET imaging for instance) or in participants performing a self-awareness task (e.g. fMRI). Up to date, there is only one postmortem anatomical study (Marshall et al., 2004) , and it provided little significant information due to various methodological limitations (e.g. only four areas investigated, etc.).
Structural or functional changes in the MTL have been found in patients with neurodegenerative diseases who show impaired selfawareness. However, these findings have rarely been interpreted, probably because of the unfamiliar anatomical delineation of the MTL structures and the connections they present with brain areas that have already been reported involved in self-awareness. An in-depth background in the MTL neuroanatomy is thus required for a better understanding of the neuroimaging results, and consequently of the MTL implication in self-awareness deficits. For this reason, we will first recall the anatomical constitution of the MTL and clarify the correspondence between neuroimage and anatomical terms. Then, we will present the neuroimaging studies on self-awareness in neurodegenerative diseases in which MTL regions have been identified, together with a neuroanatomically contextualized reinterpretation. Finally, we will describe the connectivity of the MTL structures necessary for the subsequent functional interpretation of the neuroimaging findings.
Anatomical constitution of the medial temporal lobe
The MTL is an extensive and heterogeneous region that runs along the rostrocaudal extent of the ventromedial aspect of the temporal lobe. It includes non-cortical and cortical areas, as shown in Fig. 1 that represents the medial aspect of a human brain hemisphere with the MTL areas depicted at the macroscopic level and the MRI correspondence: 1) the amygdala, a subcortical structure made up of distinct nuclei that is buried in the depth of the anterior MTL, rostral to the hippocampus; 2) the cortex located at the ventromedial surface of the temporal lobe that includes the temporopolar, perirhinal and parahippocampal cortices; altogether, these three cortical areas are called "parahippocampal region"; and 3) the hippocampal formation composed of different structural and functional parts (dentate gyrus, hippocampal fields CA1, CA2 and CA3, subiculum, presubiculum and parasubiculum, and the entorhinal cortex) (Insausti and Amaral, 2012 ).
Correspondence of neuroimaging and anatomical terms
It is necessary to clarify that the term parahippocampal region is not a synonymous of parahippocampal gyrus, which is commonly used in neuroimaging studies. While the former is a strip of temporal cortex medial to the remainder of the temporal lobe, the latter is a macroscopic, gross anatomical term that defines a gyrus made up of several cortical regions. Therefore, the parahippocampal gyrus is heterogeneous and includes anteriorly, the entorhinal and perirhinal cortices, and posteriorly, the parahippocampal cortex that is called "posterior parahippocampal cortex" in the present review to avoid confusion with the parahippocampal gyrus. It is also important to highlight that the term temporopolar cortex is distinct from the term temporal pole used in neuroimaging studies. Temporopolar cortex only corresponds to the most anterior and ventromedial part of the temporal pole as described previously Blaizot et al., 2010; Frankó et al., 2014; Insausti, 2013) . Description of the MTL structures for neuroimaging studies with delineation on MR images can be found in Frankó et al.'s (2014) study.
In the next sections, only the temporopolar cortex will be considered within the temporal pole, and the parahippocampal gyrus will be addressed in terms of entorhinal, perirhinal and posterior parahippocampal cortices whenever possible.
Neuroimaging studies that implicated the medial temporal lobe in selfawareness in neurodegenerative diseases
Few studies exist in which MTL structures have been reported as associated to a change in self-awareness. Significantly, and to the best of our knowledge, no study exists in which a specific assessment of the role of MTL in self-awareness has been attempted. In our search for publications dealing with self-awareness and the MTL we used the PubMed bibliographic resource by using the terms "self-awareness", "anosognosia", "brain", "hippocampus", "temporal lobe", "temporal pole", amygdala, "entorhinal cortex", perirhinal cortex", "parahippocampal gyrus", "Alzheimer disease", "mild cognitive impairment", "frontotemporal dementia", "Parkinson disease", "Huntington disease", and "amyotrophic lateral sclerosis". Table 1 shows the nine neuroimage studies that reported structural or functional changes in the MTL structures in relation to impaired selfawareness, together with other brain areas involved. These studies focused on the cognitive, daily life activities, behavioural, or socioemotional domains. As can been seen in Table 1 , there is a high heterogeneity in the methodology, the series of patients and the neurological disorders to which the impairment of self-awareness is associated. All studies included patients with AD. Two of them also included individuals with MCI, and three of them also included patients with other neurodegenerative disease (FTD and corticobasal syndrome). Self-awareness was measured by discrepancy scores between patient's and informant's rating in seven studies, and by comparing subjective and objective cognitive scores in only one study; the ninth study was based on self-evaluation of cognitive impairment by the patient, with the objective cognitive measurements used as confounding variables. The neuroimaging techniques include structural MRI (n = 3), FDG-PET (n = 2), functional MRI activation (n = 3), restingstate fMRI (n = 1), and neuropathology (n = 1). Despite the high heterogeneity of the studies in which the MTL has been implicated, a number of regions closely related both at the anatomical and functional levels have been identified. Likewise, some of the studies indicate differences in the rostrocaudal level of the MTL. Results appear less divergent when analyzed by awareness domain.
Of note, presentation of the results in these reports rarely allows precise identification of the areas involved within the parahippocampal gyrus (i.e. entorhinal, perirhinal or posterior parahippocampal cortices), and which anterior-posterior part of the hippocampus or parahippocampal gyrus was concerned. However, the brain coordinates reported and the illustrative images displayed in some studies enabled us to specify the MTL structures involved, based on the SPM Anatomy toolbox (https:// www.fz-juelich.de/ime/spm_anatomy_toolbox, Eickhoff et al., 2005) , the Talairach Daemon software (http://www.talairach.org, Lancaster et al., 2000) , and with the help of neuroanatomical data and MTL boundaries previously described Frankó et al., 2014) . Based on this procedure, neuroanatomically contextualized reinterpretation of the reported loci of interest within the MTL has been included in Table 1 that is further summarized and commented below.
Self-awareness of cognitive deficits
The six studies in this field (Marshall et al., 2004; Salmon et al., 2006; Amanzio et al., 2011; Ries et al., 2012; Zamboni et al., 2013; Perrotin et al., 2015) , all performed in AD (two studies also included MCI), show a great heterogeneity in the measurement of awareness (e.g. different cognitive questionnaires), brain imaging methods (e.g., the four fMRI studies used different approaches), and statistical analyses performed. There were two studies on functional brain connectivity, but none of them used diffusion tensor imaging. Despite the great heterogeneity in the methods used, the MTL structures involved were overall similar and did not differ for memory and global cognition. Laterality of the findings also varies between studies. Indeed, left, right and bilateral involvements were all observed for the hippocampus (Marshall et al., 2004; Ries et al., 2012; Zamboni et al., 2013; Perrotin et al., 2015) , while involvement of left and right side were both found for the parahippocampal gyrus (Salmon et al., 2006; Amanzio et al., 2011; Perrotin et al., 2015) . Thus, taken into account our neuroanatomically contextualized reinterpretation, cognitive selfawareness seems to engage the anterior and posterior hippocampus as well as the perirhinal and posterior parahippocampal cortices, on both sides.
Self-awareness of daily life activities
The only study in this field is a structural MRI study that investigated multiple domains in patients with AD, FTD and healthy controls . Atrophy related to overestimation of competencies for daily life activities such as preparing meals, managing personal finances or driving includes the posterior hippocampus, posterior parahippocampal cortex and amygdala, only on the right side.
Self-awareness of behavioural disturbances
Upon classification into aware and unaware Alzheimer's patients based on cognitive questions about cognitive function and performance, and behavioural questions about changes in interests and mood (e.g., more selfish or more irritable), a fMRI study showed greater activation in the right posterior parahippocampal cortex of unaware Alzheimer's patients during a go/no-go inhibitory task, which was interpreted as compensatory mechanisms (Amanzio et al., 2011) . Justification for the use of a go/no-go task was based on the theoretical models of awareness that highlight the contribution of the executive system in metacognitive abilities related to awareness (see below the section of functional interpretation of the imaging data), the close links between cognitive unawareness and behavioural problems such as apathy, and the presence of apathy and disinhibition as prominent features in their unaware patients.
Self-awareness in the socio-emotional domain
The two studies in this field, that used structural MRI in patients with AD, FTD, and corticobasal syndrome, reported bilateral atrophy in the anterior MTL only (Hornberger et al., 2014; Sollberger et al., 2014) . More precisely, and taking into account our neuroanatomically contextualized reinterpretation, the involved areas were the temporopolar cortex (as part of the temporal pole), amygdala, anterior hippocampus, as well as the perirhinal cortex and probably also part of the entorhinal cortex. The specific structure and side of the brain involved were dependent, however, on the socio-emotional process under study. For instance, the hippocampus was part of the neural substrates of selfawareness of one's emotion, mainly targeting empathy, but not of one's social behaviour, tapping into social appropriateness and inhibitory functioning (Hornberger et al., 2014) .
Functional interpretation of these findings requires detailed knowledge about the connectivity of the MTL structures.
Connectivity of the MTL structures
Figs. 2 and 3 summarize the main cortical connections of the MTL structures The parahippocampal region is a closely related system to the hippocampal formation (Insausti et al., 1987a) . The three cortical regions that form the parahippocampal region (i.e., temporopolar, perirhinal and posterior parahippocampal cortices) contribute approximately with two-thirds of the polymodal sensory input to the entorhinal cortex (Insausti et al., 1987a) . The entorhinal cortex is considered as the gateway for the entrance of most of the cortical input to the dentate gyrus and CA fields through the perforant path. This system constitutes the main interface between the neocortex and the hippocampus. A small amount of direct cortical input terminates in the border between CA1 and the subiculum (Insausti and Munoz, 2001) . In addition to the parahippocampal region itself, other broad polymodal association cortices connect with the entorhinal cortex, specifically the orbitofrontal and medial frontal cortices, anterior cingulate area, retrosplenial cortex and medial parietal cortex (precuneus), anterior insular cortex, superior temporal gyrus, all providing dense cortical input to the entorhinal cortex (Amaral et al., 1983; Insausti and Amaral, 2008) . Interestingly, these polymodal association cortices have been reported as key players in brain networks subserving self-awareness. Moreover, the hippocampal formation receives a substantial direct input from subcortical centers, such as the basal forebrain, thalamus, hypothalamus and brainstem (Insausti et al., 1987b) . The cortices of the parahippocampal region also present a very extensive and rich set of connections with other unimodal and polymodal association cortices (Suzuki and Amaral, 1994) . Therefore, the number of cortical areas and regions able to interact directly or indirectly with the hippocampal formation through the parahippocampal region is very extensive. As a brief summary, the temporopolar cortex is closely related to the auditory association cortex, orbitofrontal and medial frontal, anterior insular, temporal cortices, and pulvinar nucleus of the thalamus (Morán Fig. 2 . Lateral (A) and medial (B) surfaces of the human brain depicting connections between the medial temporal lobe (MTL) and cortical areas related to self-awareness networks (red arrows). Yellow arrows represent direct cortical outputs of the entorhinal cortex to cortical areas involved in self-awareness. The hippocampal formation and parahippocampal region are connected with areas that complete the network with the lateral prefrontal cortex, namely retrosplenial, superior temporal gyrus and parietal cortices (green arrows). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Abbreviations: ACC, anterior cingulate area; EC, entorhinal cortex; H, Hippocampus; INS, insular cortex; ITG, inferior temporal gyrus; MFC, medial prefrontal cortex; OFC,orbitofrontal cortex; PC, parietal cortex; PFC, prefrontal cortex; PPHC, posterior parahippocampal cortex; PHR, parahippocampal Region; RSC, retrosplenial cortex; STG, superior temporal gyrus; TPC, temporopolar cortex.
C. Chavoix, R. Insausti Neuroscience and Biobehavioral Reviews 78 (2017) 1-12 et al., 1987; Kondo et al., 2003) while the perirhinal and posterior parahippocampal cortices are strongly connected to the inferotemporal, and parietal cortices respectively. The amygdala, and in particular its polymodal sensory associative part (i.e., lateral and basal nuclei) has widespread reciprocal connections with numerous cortical areas. Basically, all cortical areas send projections to the lateral nucleus of the amygdala (Amaral and Insausti, 1992) , and this information is relayed through the basal nucleus of the amygdala, which connects with almost all cortical areas (Amaral and Price, 1984) . The amygdala also presents distinct connections with the primary motor and sensory cortices, which distinguishes the set of connections (and possibly networks) associated to the amygdala from the parahippocampal region and hippocampal formation of the MTL.
In conclusion, numerous cortical association areas, either unimodal or polymodal, are able to reciprocally connect very extensively, directly or indirectly, through the parahippocampal region with the hippocampal formation, mainly by projections to the entorhinal cortex.
A note of caution should be brought up as the detailed connectivity alluded to above has been determined in neuroanatomical studies in nonhuman primates, which have a close similarity and homology with the MTL of humans (Insausti et al., 1995; Blaizot et al., 2004 Blaizot et al., , 2010 Insausti and Amaral, 2012; Insausti, 2013) . However, the great expanse of association cortices in the human brain prevents to draw simplistic conclusions from the nonhuman primate neuroanatomy. Notwithstanding, the set of nonhuman primate neuroanatomical connections serves as a general framework for understanding human connectivity.
In neuroimaging studies, the MTL regions are usually referred to as the amygdala, hippocampus, temporal pole and parahippocampal gyrus. As described above, these names are very general and lack precision for the detailed identification of the MTL anatomical structures. Therefore, functional interpretation of the reported data is not easy since this neuroimage structural identification is imprecise. Besides the faulty identification fails to orient the connectivity to possible networks implicated in self-awareness. This can partly explain why most neuroimaging studies that show changes in the MTL do not elaborate on the functional interpretation of these findings.
Functional interpretation of neuroimaging findings on selfawareness in neurodegenerative diseases
Three main salient points emerge from the review of the above neuroimaging studies. First, despite the numerous differences in the methodological procedure used in the different studies (e.g. population, awareness assessment, imaging techniques, statistical analyses), the MTL structures that show structural or functional changes in patients who overestimate their abilities are essentially consistent from one study to the other, especially when analysed by awareness domain. Second, structural or functional changes in the MTL structures in relation to reduced self-awareness do occur, and the involved MLT structures differ depending on the awareness domain considered. Third, changes in the MTL regions in relation to reduced self-awareness seem to have been shown mainly in neurodegenerative diseases in which the MTL is affected and when the concerned awareness domain engages the MTL. These findings will be discussed in view of the most recent theoretical model of self-awareness.
It must be said in advance that only a few imaging studies have reported changes in MTL in relation to self-awareness, and that direct evidence for the putative role of the MTL on self-awareness problems is scarce. However, it is perfectly possible to associate the MTL with areas significantly related to self-awareness based on the present neuroimaging findings and connectivity patterns known from anatomical data in nonhuman primates (see above) and functional studies.
There exists a significant overlap between the MTL structures associated to the overestimation of cognitive abilities and those known to be involved in cognition (i.e. anterior and posterior parahippocampal gyrus, and hippocampus). The same holds true for the MTL areas involved in the overestimation of socio-emotional abilities and socioemotional behaviour (i.e. amygdala, temporopolar and perirhinal cortices, and anterior part of hippocampus). Indeed, the key-role of the hippocampus in cognition, especially in memory, is widely recognized (Squire et al., 2004) . Although less referred to in clinical studies, the perirhinal, entorhinal and posterior parahippocampal cortices also play an important role in memory (Meunier et al., 1993; Diagram that shows relevant neuroanatomical connections of the medial temporal lobe (MTL) with the main regions of the cerebral cortex implicated in self-awareness. The MTL is here represented by 3 boxes: hippocampal formation, parahippocampal region and amygdala. Only the direct cortical connections are shown. The main cortical areas related to selfawareness converge into the entorhinal cortex. Then, the entorhinal cortex projects to the hippocampus via stepwise connections within the hippocampus itself. The hippocampal output is directed back to the entorhinal cortex, which relays the information to the parahippocampal region and other polysensory association cortices. On the right side of the figure, the amygdala sustains dense reciprocal connections with all the cortical areas related to the hippocampal formation. Red arrows indicate the main cortical relationship of and within the hippocampal formation; black arrows indicate the main amygdala connectivity with the hippocampal formation and cortical areas. The thickness of the arrows is indicative of the density of projections. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)Abbreviations; CA1, Hippocampal fields CA1; CA3-CA2, Hippocampal fields CA3 and CA2; DG, Dentate Gyrus; PPHC, Posterior parahippocampal cortex; PRC, Perirhinal cortex; TPC, Temporopolar cortex; RSC, Retrosplenial cortex.
role of the amygdala in social emotion processing (Aggleton, 1993; Meunier et al., 1999; Ruby and Decety, 2004) and that of the temporal pole and perirhinal cortex in socio-emotional processes (Meunier et al., 2006; Olson et al., 2007) are well acknowledged. Furthermore, temporopolar cortex is involved in perspective taking tasks (Olson et al., 2007; Ruby and Decety, 2004) , and, together with the perirhinal cortex, in semantic knowledge (Hodges and Patterson, 2007; Rauchs et al., 2006; Olson et al., 2007) , which is closely linked to taking a thirdperson perspective . This overlap between involvement of MTL structures in a given domain and their involvement in self-awareness in the same domain adds further support to the suggestion that neural substrates of self-awareness are partly modality specific (Morris and Mograbi, 2013; Sollberger et al., 2014) .
The atrophy in the amygdala, hippocampus and posterior parahippocampal cortex in patients who overestimate their competency in daily life activities ) is more difficult to interpret. Since completion of daily life tasks requires integration of many functions, involvement of these brain areas might be partly linked to their pivotal anatomical position (see Figs. 2 and 3) . Thus, these findings could account for the role of the hippocampal formation in relational binding across multiple domains (Davachi, 2006; Olson et al., 2007) and that of the amygdala in social aspects of daily life activities (Olson et al., 2007) .
The structural and functional changes in the MTL linked to the overestimation of abilities in AD, MCI and FTD, as reported in Table 1 , are reminiscent of the cerebral damage characteristics of each clinical state, and all MTL structures are concerned. Thus, in AD, the perirhinal and entorhinal cortices are the most and earliest affected areas (Braak and Braak, 1991; Van Hoesen et al., 1991) ; they also show atrophy and their alteration plays a key role in the pattern of cortical hypometabolism and memory impairment of these patients (Meguro et al., 1999; Blaizot et al., 2002) . Damage to the hippocampus and posterior parahippocampal cortex occur somewhat later (Braak and Braak, 1991) . The parahippocampal gyrus and hippocampus are also affected in the MCI disease process (Mufson et al., 2012) .
Regarding FTD, damage to the MTL is a key feature, especially in the bvFTD (Whitwell et al., 2009) , which is the form of FTD that presents the most severe loss of awareness (Hornberger et al., 2014; Shany-Ur et al., 2014; Sollberger et al., 2014) , as well as in SD (Hodges and Patterson, 2007) . The pattern of temporal atrophy in patients with bvFTD predominantly involves anterior temporal regions (Whitwell et al., 2009 ) but also includes the hippocampal formation and parahippocampal region. The temporopolar and perirhinal cortices as well as the hippocampus and amygdala, also are consistently affected in SD (Hodges and Patterson, 2007) . The predominant right involvement of the temporal regions in FTD is, however, not found in the patients unaware of their socio-emotional abilities (Hornberger et al., 2014; Sollberger et al., 2014) ; this might result from the inclusion of patients with different neurodegenerative diseases in these two studies (i.e., FTD, AD and corticobasal syndrome).
Regarding PD and HD, the few existing imaging studies of selfawareness focused on movement disorders and do not report changes in the MTL (e.g., Maier et al., 2016) . Since MTL is not implicated in movement disorders, it confirms that the role of the MTL in selfawareness would likely be limited to its domain of specialization (i.e. mainly memory and socio-emotion).
It seems however that self-awareness in memory and socio-emotional domains do not rely only on MTL. Indeed, amnesic patients with damage restricted to the MTL, such as the famous case HM and the patient KC, are well aware of their own capacity. In the famous case HM who underwent surgical resection of the MTL as a treatment for intractable temporal lobe epilepsy, the temporal lobectomy encompassed the temporopolar, perirhinal and entorhinal cortices, amygdala, and hippocampus bilaterally (Corkin et al., 1997) . Despite this extensive temporal lobe resection, patient HM could state: "I do have, well − a lot of trouble remembering things" (Corkin, 2013) , a clear indication of self-awareness of memory deficit. Similarly, patient KC who also shows an extensive and prominent bilateral atrophy in the hippocampal formation and perirhinal cortex 35 years after a traffic accident (Rosenbaum et al., 2005) , when questioned about his memory, said that his memory was "pretty lousy"; he also stated "I have no memory of things that just happened" (Schacter, 1991) . Thus, both clinical cases imply awareness of their memory deficit. The same holds true for the Klüver-Bucy syndrome with damage mainly restricted to the anterior MTL (bilateral amygdala and temporal pole) (Marlowe et al., 1975) resulting in behavioural and emotional disorders but no unawareness. Unawareness of memory deficits has, however, been reported in patients with lesion restricted to the hippocampal region. Indeed, during the acute phase of transient global amnesia, patients are aware of their disease state but are unable to point to the amnesic nature of their disorder (Hainselin et al., 2012) . "Dissociated" type of awareness, with awareness of some type of deficits and unawareness of others, is actually a frequent phenomenon (see Antoine et al., 2004 for review) . These various observations suggest either that awareness of memory deficits after selective hippocampal lesion may occur only when there is time for compensation by semantic learning, like in patients HM or KC, or that patients with hippocampal lesion can be aware of memory deficits but they do not accurately perceive the degree of their deficit. Indeed, we cannot exclude that patients HM and KC underestimated their memory deficit. To ascertain the role of MTL in self-awareness, it remains to be determined whether unawareness of memory and socio-emotional disturbances can occur at distance from selective damage to the MTL as well as without damage in the MTL.
In contrast, individuals with MCI, AD and FTD present lesions, both within and outside the MTL. This would indicate that unawareness of memory and socio-emotional disturbances is common when damage to MTL is associated with brain damage in other brain regions.
As shown in Table 1 and in agreement with most studies (Jenkins and Mitchell, 2011; Van Veluw and Chance, 2014) , the medial prefrontal cortex is one of the most important nodes of the neural network implicated in self-awareness, regardless of the domain considered. Interestingly, it has strong interconnections with each component of the MTL (Insausti et al., 1987a; Muñoz and Insausti, 2005; Lavenex et al., 2004; see Figs. 2 and 3) . Each of these anatomical connections would, however, account for distinct implication in selfawareness. For instance, those between the anterior part of the MTL (temporopolar cortex and perirhinal cortex) and medial prefrontal cortex would play a preferential role in self-awareness requiring semantic knowledge.
The medial prefrontal cortex is also closely interconnected with other association cortices reported to be involved in self-awareness, in particular the anterior cingulate cortex and related areas (see Table 1 ). This interconnectivity between the medial prefrontal cortex and a great expanse of the cortex, including the MTL would play a key role in selfawareness, in agreement with the association of poor memory selfappraisal ability and altered functional connectivity between the medial prefrontal cortex and other cortical structures (Ries et al., 2012) . The same holds true for the parietal and temporal association cortices, part of the neural network of theory of mind (see Van Veluw and Chance, 2014 for meta-analysis) and also reported in the studies included in Table 1 (see Figs. 2 and 3 for the anatomical connections between MTL and cortical areas).
Finally, the role of MTL structures in self-awareness can be interpreted in view of the "Cognitive Awareness Model" (CAM) recently revised (Morris and Mograbi, 2013) . This model posits that, after local processing of sensory inputs in domain-specific modules (e.g., language, visual, motor), information about current performance is processed in memory systems; information from both episodic and working memory are sent to the "autobiographical conceptual memory systems" that contains lifetime knowledge concerning experienced events. Then, "cognitive comparator mechanisms" that function under executive control allow the comparison between the incoming and personal information, previously stored in the "personal database" as a semantic representation. The output of the comparison leads to the update of the "personal database" in case of mismatch between the two sources of data, and the resulting information is released via the "metacognitive awareness system" to provide awareness of the personal information. Parallel to the "autobiographical conceptual memory systems" that store information about the self, there is a "generic memory system" that stores other material, in particular information about others, that would be under the control of the same higher order comparative and metacognitive awareness systems. It is also suggested that preserved emotional processing is essential to estimate the valence of an event and correctly appraise its final outcome. Consequently, emotional factors would also play a role in error monitoring.
In view of this model, it could be hypothesized that the main function of the MTL in the self-awareness network would be the update of self-knowledge (i.e. individual cognitive and socio-emotional selfknowledge). Damage to MTL would hamper this process. In AD, the loss of memory processes such as recollection of personal experiences and impaired consolidation is known to depend on the MTL structures (Hyman et al., 1984) , and their damage would prevent the update of personal knowledge. In addition, patients with AD who are unable to take a third-person perspective would not benefit from general semantic knowledge when asked to evaluate their abilities (Morris and Mograbi, 2013) . In FTD, alteration in the semantic system would hamper personal semantic knowledge, what would lead to an impaired update of incoming information. Lack of self-awareness in FTD would additionally result from altered social and emotional processes that are supposed to modulate the personal database. Interestingly, a computed tomography study performed in ALS patients with FTD found that impaired cognitive self-awareness, as evaluated by one 8-item scale about motor and cognitive abilities, was associated with enlargement of the anterior and inferior horn sizes of the lateral ventricle, which was interpreted as reflecting MTL atrophy (Ichikawa et al., 2013) . This single although interesting study calls for in-depth neuroimaging investigations on self-awareness in ALS. In PD and HD, unawareness of cognitive deficits could result from their impaired working memory, which would not allow appropriate comparison between incoming and stored information. However, the MTL would play at best only a minor role in cognitive unawareness of these patients. Indeed, albeit there are pathological changes in the entorhinal and perirhinal cortices, hippocampus and amygdala in these neurodegenerative diseases (Braak and Braak, 1992; Spargo et al., 1993; Braak et al., 1996) , and that several of these areas are involved in working memory (Fuster and Alexander, 1971; Goldman-Rakic, 1992; Chavoix et al., 2002) , the MTL is weakly connected with the lateral prefrontal cortex involved in working memory in nonhuman primates (Mohedano-Moriano et al., 2015) . Nevertheless, the lack of neuroimaging studies regarding impaired self-awareness of cognitive abilities in HD and PD stresses the need for further investigations.
Future directions and conclusion
In view of the present review, there is a need for further neuroimaging investigations focusing on MTL in the various domains of selfawareness and in the different neurodegenerative diseases. In addition, the search for other brain centres involved in self-awareness, as the present endeavour regarding the role played by the MTL, is a potentially fruitful avenue for future studies designed to advance in the knowledge of the biological basis of self-awareness. Special attention should in particular be paid to subcortical structures. Indeed, many reports dealing with self-awareness point to subcortical structures but little is known on their participation. Among the subcortical areas, the amygdala calls for more in-depth studies. Furthermore, other regions and systems outside the MTL are also implicated in memory, but no connection to self-awareness has been yet established. It is also worth testing the potential dissociation between the MTL contribution to selfawareness and that of other brain regions involved in self-awareness, mainly the polymodal association cortices directly connected the MTL such as the orbitofrontal and medial frontal, anterior cingulate, retrosplenial, anterior insular and superior temporal gyrus cortices.
It is likely that more sensitive techniques, as well as longitudinal studies and therapeutic interventions, will allow the emergence of subsequent centres and nodes in a self-awareness widespread network. Comparison among studies and methodologies, along with more homogeneous populations, would be helpful. In the other hand, more connectivity studies are needed to draw sound conclusions. Finally, recent investigations suggest that the two profiles of impaired awareness (over-and under-estimators) arise from distinct pathological processes Shany-Ur et al., 2014) and sociopsychological profiles (Lafont et al., submitted) , all of which stresses the need for further investigations.
As a conclusion, from a meticulous analysis of neuroimaging studies and in light of the anatomical connectivity of the MTL, this review highlights a participation of the MTL in self-awareness in neurodegenerative diseases, which is consistent with the MTL position within the brain networks of self-awareness. Participation of the MTL in selfawareness would mainly derive from its role in the update of selfknowledge, and would concern the memory and socio-emotional domains, and likely the daily life activities domains, which are impaired in neurodegenerative diseases.
